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Abstract. Nitrogen oxides are considered to be much more toxic than,
for example, carbon monoxide. For this reason, the Authors developed
and implemented a method for decrease of NOX emission into
the atmosphere from DKVR 10-13 boilers. As an effective method
for boilers propose injection of steam into the combustion zone. After
series of experimental studies an optimal design of the head for steam
injection was developed, according to the proprietary technology. The
injector head was kept unchanged while the spraying end caps were
modified (Fig. 2). Three levels of possible impact of emissions from boiler
on the atmosphere pollution were taken into account during studies. After
the analysis, it was assumed that the level of the real maximum emission
should be taken as the reference level in relation to which the decrease
of NOX emission should be determined. The results obtained by
the Authors calculated into mass emission and as objective values
of nitrogen oxides concentration calculated into α = 1 (Figures 3 and 4).
Realization of the study plan, assumed by the Authors, allowed to
determine the optimal parameters of the NOx emission decrease method,
assuming the expected 30% level of emission decrease at a limited
consumption of injected.

1 Introduction
One of the main scientific and technical issues of organic fuel combustion improvement is
a necessity to solve complicated and often contradictory tasks aimed at increasing the
efficiency of fuel use and decreasing emissions of harmful components of the exhaust gases
into the atmosphere [1]. Modern, highly efficient engineering and technical solutions of that
issues are most often implemented in large energetic facilities, where any implementation
of new technology or equipment change gives a noticeable effect for economy and ecology.
Variety of methods for solving energetic and ecological polyoptimisation of fuel
combustion results from a huge variability of fire grates and burners [2, 3]. This paper
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presents the results of studies on the decrease of nitrogen oxides (NOx) emission from
combustion of fuel in industrial and heating DKVR 10-13 steam boilers [4]. Solutions
which have already been implemented in such boilers are: recirculation of part of the
exhaust gases, wetting the air supplied to burners and others. Those methods, however, are
not widely applied and may cause problems with combustion completeness [5, 6].
The Authors’ goal was to develop their own method of simultaneous decreasing of nitrogen
oxides generation and increasing of fuel complete combustion [7, 8].

2 Characteristics of the research object
The heating boiler plant is located in St. Petersburg at 57 Granitowa St. There are
5 DKVR 10-13 boilers installed there. DKVR 10-13 is a two-drum steam boilers, vertical
with the longitudinal location of drums. The nominal capacity of the boiler is 10 tons
of steam per hour (with the possibility of a 40% excess). The maximum overpressure
of steam in the drum is 13 bar. The boilers are equipped with two GA-110 burners for gasand-heavy fuel oil (Fig. 1). GA-110 nominal heat output is 5 MW and the nominal gas
pressure is 130 dPa. The burners are equipped with heavy fuel oil (mazout) sprayers with
steam spraying [9]. The fan and exhaust installation of each boiler consists of a VD-10
blow fan and a D-12 exhaust fan. Their parameters are given in table 1.

Fig. 1. Diagram of the GA-110 burner.
Table 1. Technical data of a blow and exhaust fans.
Parameter
Output
Pressure
Motor power
RPM

Symbol
V
H
N
n

Unit
m3/h
daPa
kW
min-1

VD-10
15 000
270
28
980

D-12
40 000
250
40
980

Exhaust gases are discharged into the atmosphere by two steel stacks. Their diameter is
1150 mm and their height is 31 m. Each boiler is equipped with a block economizer of
surface F = 708 m2, which is detachable on the exhaust gas line.
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3 Variants of nitrogen oxides emission decrease
The technological methods of decrease of nitrogen oxides emission into the atmosphere
include: recirculation of exhaust gases and injection of steam into the combustion zone
[7, 8].
3.1 Recirculation of exhaust gases
This method is used mostly in boilers, where their construction and operation modes
of furnaces favours very high NOx emissions [10–12]. However, the results
of numerous studies show an inevitable increase of the unit fuel consumption caused by the
use of recirculation in boilers of such class. Taking into account decrease level of NOx
emissions, this method allows to obtain 60% decrease in gas boilers and 40–50% decrease
in mazout boilers [12–14]. Such effect may be explained by the decrease of the maximum
combustion temperature and a favourable change in the concentration of reactive
substances during dilution by the exhaust gases. Recirculation gases may be introduced into
blow-in air, into flame core (when the burners are properly modified) or directly into the
furnace through the slotted holes. The first method gives the best results.
The predetermined recirculation level for the DKVR 10-13 boiler was approx. 15%,
which in nominal mode is Vr = 0.65 m3/s. Assuming that gas velocity in ducts is 8 m/s, we
can calculate the cross-section area of the recirculation duct Fr = 0.081 m2. This
corresponds to dimensions of the duct 250 x 350 mm. Implementation of recirculation in
low and medium power boilers is problematic for two reasons: possible limitations related
to the efficiency of blow and exhaust fans, as well as stabilization of the optimal
recirculation degree exceeds operational possibilities. This is caused by instability and high
variability of technological processes, which is characteristic for boilers of such class. That
is why method of simplified recirculation method in industrial heating boilers is not widely
applied.
3.2 Injection of steam
This method causes decrease of formation of nitrogen oxides, benzo(a)pyrene, lowers of the
incomplete combustion [3] and emission of soot in boilers, which are not suitable for the
application of exhaust gases recirculation or introduction of two-stage combustion.
Heterogenity of composition and temperature of the flame along the furnace, favours
application of this method.
The preliminary analysis shows the optimum amount of steam injected into the
combustion zone is about 1% of stream of air fed into the combustion [4, 7, 8]. The air
volume flow for the boiler in nominal mode is 3.1 m3/s, which corresponds to the mass
flow of 3.66 kg/s at 20°C. Therefore, the steam mass flow is 0.04 kg/s or 144 kg/h. This
corresponds to a water-fuel ratio (WPS) of 0.18 [15]. Decrease of the boiler's efficiency
should not exceed 0.5%, which may be entirely compensated by optimization of the boiler's
operating mode, that is by improvement of combustion completeness and decrease of the
excess air coefficient, both due to steam injection.
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3.3 Selection of method and development of construction characteristics
Consideration of advantages and disadvantages of two methods discussed above allowed to
conclude that the recirculation method in comparison with the injection of steam is
characterized by significant material consumption associated with assembly of additional
ducts in boiler plant. Decrease of NOx emission by the use of recirculation, does no
decrease the total toxicity coefficient of the exhaust gases (due to the incomplete
combustion). Taking all mentioned above into account, injection of steam into the
combustion zone was selected for further development and implementation as a method
of decrease of emission of nitrogen oxides in DKVR boilers [4].
After extensive experimental studies, optimal design of the head for steam injection was
developed, according to the proprietary technology [16]. The injector head was kept
unchanged while the spraying end caps were modified (Fig. 2). Each boiler is characterized
by an individual flame shape and separation of substances which react in it. Therefore, this
modification should be prepared for individual case of each boiler in order to minimize the
amount of injected steam and decrease its impact on the efficiency of boiler. For this
purpose, angle of gape of steam streams and diameter of holes are precisely calculated to
ensure that steam is supplied to the zones of intensive generation of nitrogen oxides.

Fig. 2. Diagram of injector end cap (upper – currently used, lower – modified, proposed).
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4 Experimental studies
The experimental research program included:
1. Determination of the real level of emissions in the operational technical state of boilers,
which is the reference level.
2. Attempt to optimize boiler operation aimed at decreasing NOx emission without using
additional technical measures.
3. Determination of the best construction parameters of injector heads.
4. Determination of the most favourable, in terms of steam consumption, operating mode
which ensures the expected results.
The assumed maximum computational emission of nitrogen oxides emitted to the
atmosphere, calculated to NO2 was 0.755 g/s [15]. But after analysis, real maximum
emission was selected as a more reliable reference level in relation to which the ecological
effect should be determined. Steam injection to the combustion zone as a method
of decrease of NOx generation was conducted using the mazout injectors, a part of GA type
burners. During the observations it was found that the steam cloud is in the required
location of the flame core. This confirmed that original assumptions of adopted method are
valid. The following parameters were changed during studies, to obtain the optimal results
(maximum decrease of NOx emission, minimal steam consumption and minimal impact on
the boiler's efficiency): method of steam spraying, type and dimensions of injector heads,
shape of the steam cloud, place of steam injection to the combustion zone, steam pressure
and the ratio of streams fed through various head elements into different zones of flame
[17].
Realization of the above mentioned study program allowed to determine the optimal
parameters of the NOx emission decrease method, assuming the expected 30% level
of emission decrease.

5 Results of experimental studies
During analysis of the experimental studies results, four levels of the possible impact
of nitrogen oxides emission in exhaust gases on atmosphere were considered:
1.
2.
3.
4.

The maximum computational emission level, which for the DKVR 10-13 boiler was
0.755 g/s.
The maximum real level determined experimentally during inventory works, which
was 0.797 g/s.
Emission level decreased by 30% according to initial assumptions, which was
0.558 g/s.
Emission level decreased by 50% to 0.398 g/s. Below this level application of the
method is no longer justified (in boiler modes of low efficiency).

Data of NOx mass emissions and 4 levels mentioned above are presented in Fig. 3.
Fig. 3 shows that the real emission in the boiler's basic operating mode exceeds the
maximum computational emission level only in modes of exceeded computational
efficiency (curve 1). Curve 2 shows the optimal operating mode of NO x emission decrease
method, developed during studies. It allows to decrease emission by not less than 30%
of the real maximum level with steam consumption not exceeding 1% of boiler steam
capacity. This indicator is two times lower than values given in the literature.
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Fig. 3. Mass NOx emission from DKVR 10-13 boiler; 1 – in basic operating mode, 2 – with nitrogen
oxides emission decrease method applied. The bold line shows the recommended way of the method
application.

The injection of steam at high velocity into precisely determined zones of the flame core
highly intensifies the mixing of gas and air streams, and thus also the intra-flame processes.
In addition, part of steam dissociates in the high temperature zone into H+ and OH- radicals
which causes acceleration of combustion processes. It should be noted that increase of
concentration of triatomic gases in the furnace space causes increase of blackness degree of
this space and thus increase of the heat exchange through screen surfaces by radiation. All
mentioned allowed to reduce the amount of air required for full and complete combustion
by an average of 15%. Such increase of excess air decreases physical and exhaust heat
losses by about 1–1.2%, which completely compensates steam consumption for injection.
Therefore, steam consumption for used method of decrease is compensated by increasing
efficiency of boiler and thus gross boiler efficiency remains unchanged [7, 8].
As a result of analysis of both variants of NOx emission limitation (optimization
and method of steam injection) a combined method was selected for further
implementation. It assumes that when the boiler load exceeds 80% (gas pressure above
40 dPa) system of steam injection is active, while at lower loads the boiler works with
steam injection disabled, i.e. according to the optimized work card. This method is shown
in Fig. 3 as a bold line. Mass emission of substances requires special calculations, therefore
Fig. 4 shows objective values of NOx concentration. The data was calculated into α = 1 in
order to avoid impact of dilution of exhaust gases on obtained measurement results.
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Fig. 4. NOx concentration (calculated into α = 1) in exhaust gases form DKVR 10-13 boiler; 1 –
under real operating conditions; 2 – with enabled nitrogen oxides emission decrease system.

6 Conclusions
1. The real emission levels form boilers, which only in nominal load modes are close to
or exceed the maximum design values, were determined.
2. The system of nitrogen oxides emission decrease by steam injection with a specific type
of spraying device, the method of its assembly and the place and quantity of injected steam,
has been developed and implemented in DKVR 10-13 boilers.
3. The optimum mode of operation of the system for nitrogen oxides emission limitation,
which allows to achieve the required decrease of emission of at least 30% at a limited
consumption of injected steam (not more than 1% of boiler steam capacity), has been
determined.
4. Intensification of combustion processes caused by steam allows to increase the efficiency
of boilers by about 1%, which fully compensates steam consumption for injection.
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